Effects of design and materials on the dielectrophoretic self-assembly of individual gallium nitride nanowires (GaN NWs) onto microfabricated electrodes have been experimentally investigated. The use of TiO 2 surface coating generated by atomic layer deposition (ALD) improves dielectrophoretic assembly yield of individual GaN nanowires on microfabricated structures by as much as 67%. With a titanium dioxide coating, individual nanowires were placed across suspended electrode pairs in 46% of tests (147 out of 320 total), versus 28% of tests (88 out of 320 total tests) that used uncoated GaN NWs. An additional result from these tests was that suspending the electrodes 2.75 µm above the substrate corresponded with up to 15.8% improvement in overall assembly yield over that of electrodes fabricated directly on the substrate.
Introduction
Reliable and controlled assembly of micro-and nanoscale structures is required for realization and widespread use of new, useful, miniaturized devices. One exciting class of nanoscale structures is semiconductor nanowires (NWs), which promise immense capability for new and advanced applications in nano-sized devices and circuits due to their exceptional mechanical, electrical, and thermal properties [1] . Robust fabrication and electrical and mechanical integration of single-nanowire devices depend upon accurate and 5 These authors contributed equally to the work. consistent placement of the nanowires. A reliable selfassembly process is also critical for mass production and mass testing of nanodevices.
Gallium nitride (GaN) is a semiconductor material of great commercial interest in optoelectronic, radio frequency, and sensing devices due to its large direct electronic bandgap, piezoresistivity, and mechanical properties [1, 2] . GaN nanowires have already been the foundation for nanoscale devices such as transistors, resonators, accelerometers, and a variety of sensors and light emitters. Single-crystal GaN NWs may be grown with molecular beam epitaxy (MBE) without defects or the use of catalysts [1] . Crystal defects are responsible for many of the optical and thermal difficulties observed in GaN semiconductor devices [1] , so the integration of defect-free GaN into microfabricated devices may eventually enable better and more efficient use of GaN as an engineering material.
MBE synthesis of GaN NWs is confined to a narrow range of synthesis parameters, and these are not compatible with many other microfabrication processes. For this reason, a need exists for the development of reliable methods of NW assembly into other structures. The development of such post-synthesis assembly techniques would allow, for example, integration of GaN materials with silicon CMOS substrates. The integration of single GaN NWs into active microelectromechanical systems (MEMS) has already been accomplished in devices used for mechanical testing [3] . From a scientific standpoint, investigations of GaN NW piezoresistivity, piezoelectricity, and mechanically tunable properties may be accelerated by improvements in nanowire manipulation, leading to potential applications in tunable resonators, filters, light-emitting diodes, sensors, and transistors [2, 4] .
Dielectrophoresis has been successfully utilized for nanowire self-assembly on microfabricated structures, and may be scaled to wafer-level processing featuring the simultaneous, parallel assembly of nanowires on microfabricated structures. However, a better understanding is needed of factors that affect the reliability of individual nanowire assembly in scalable processes [3] [4] [5] [6] [7] [8] [9] . Success with dielectrophoretic assembly of individual nanowires has been achieved by use of a combination of dielectrophoresis with very narrow electrodes and a microfluidic flow cell [9] , but implementation of such a flow system presents a challenge for scalable fabrication. Dispersion of nanowires from suspensions spread onto electrode arrays on a surface open to the atmosphere may be accomplished with less-specialized equipment [3] [4] [5] [6] [7] . However, dielectrophoretic self-assembly performed in open atmospheric environments is generally difficult to control and requires that nanowires settle in their destinations before the complete evaporation of the solvent in which they might be suspended. In such procedures, reliable assembly of just one nanowire per target location remains a challenge. This paper reports an experimental study of some of the parameters that may be optimized in order to increase the reliability of nanowire self-assembly on microfabricated structures. These parameters include electrode geometry and the interaction of the electrodes with the fabrication substrate. Test structures were fabricated by standard microfabrication processing and deposition was performed using surfaces open to ambient atmospheric conditions.
The surface treatment of the nanowires is another variable that may be useful for engineering in the open nanowire self-assembly system. Assembly of individual nanowires to specified locations from a liquid suspension requires the prevention of agglomeration both in the suspension and during self-assembly. Surface modification may provide one means to control particulate agglomeration. For instance, surfactants are widely used to disperse heterogeneous materials in polar solvents. Nanowire surface coatings may provide a means to modify both the dielectrophoretic force and the particulate agglomeration. Here, atomic layer deposition (ALD), a conformal vapor phase surface-coating technology, was used to deposit conformal titanium dioxide on some nanowires. Titanium dioxide (titania, TiO 2 ) was chosen as an example material due to its high dielectric constant and strong hydrophilicity. Contact angle observations confirmed that the ALD titania is superhydrophilic, with a water contact angle near zero.
Dielectrophoresis
High yield assembly in an open liquid system requires that nanowire placement must occur rapidly, before the solvent evaporates. Motion leading to nanowire self-assembly on defined electrodes results from the dielectrophoretic force, which arises due to particulate polarization in an electric field gradient. This force is countered by the fluid drag force. Strengthening the dielectrophoretic force may be expected to increase the speed of self-assembly.
Dielectrophoresis is the controlled motion of neutral particles in the spatial gradient of a non-uniform electric field [4] . Uncharged particles experience a dielectrophoretic force due to the interaction of the induced dipole moment in the particle with the non-uniform electric field. The alignment of neutral particles using the dielectrophoretic force depends on the strength of the electric field E, the polarizability p of the particle, and the medium in which the particles are suspended. As the field is applied, the nanowires align parallel to the direction of the field and move to the location of greatest field magnitude. In its simplest form, the time-dependent dielectrophoretic force F DEP can be written [4, 5] as equation (1)
Alternating and direct (AC and DC) electric fields can both be used for nanowire self-assembly via dielectrophoresis; however, an AC field produces superior results. An AC electric field is capable of suppressing unwanted electrochemical effects at the surfaces of the electrodes. It also helps prevent the nanowires from migrating in the direction of the electric field lines, which would impede assembly across the electrodes. Additionally, DC electrophoretic forces often hinder the dielectrophoretic torque that aligns the nanowire in the electric field [6] .
The time-averaged dielectrophoretic force on a cylindrical rod aligned parallel to an electrical field may be written as equation (2), where r is the radius, L is the length, Re[f CM ] is the real part of the Clausius-Mossotti factor (which is a function of the complex permittivities of the particulate and surrounding fluid medium and the shape of the particulate), E rms is the root-mean-square electric field, and ε m is the real part of the complex permittivity of the medium surrounding the nanowire [4, 6, 10] 
This equation is useful for investigation of the general behavior of nanowires in spatially varying electric fields, but it does not provide an exact representation of the forces experienced by nanowires in the vicinity of electrodes. The electric field gradient is defined mainly by the shape of the electrodes used to drive the dielectrophoretic self-assembly. Therefore, electrode design may be expected to modify the dielectrophoretic force, although exact analytical predictions are not always achievable. Furthermore, more advanced analysis based on the Maxwell stress tensor is necessary for accurate analysis in strong electric field gradients with characteristic lengths of the same order of magnitude as the nanowire length [7] .
It might be expected that surface coatings could add additional dielectrophoretic force due to increased volume of dielectric or conducting material, but would not significantly alter the drag force of the nanowire [9] . However, calculation indicates that only a minimal change in dielectrophoretic force is achieved with a thin coating on a nanowire. To examine the effect on dielectrophoretic force, a ratio of force magnitudes can be defined using (2) for coated and uncoated nanowires. In the case where nanowires have cylindrical shape and the same length, and the externally applied electric field and fluid medium are the same, this force ratio reduces to equation (3) , where the titania coating adds force in proportion to the ratio of the real parts of the Clausius-Mossotti factors for different materials multiplied by the ratio of the cross-sectional areas of the materials [10] 
For calculations based on (2) and (3), nanowire shapes were approximated as cylindrical rods (figure 1). This approximation is not expected to introduce significant error in force calculations because of the alignment parallel to the electric field lines. In such a configuration, the cross-sectional area of a dielectric is a more important consideration than the specific shape of that area. Because the electric field is parallel to the length of the nanowire, the field lines do not cross the boundary between the GaN and the TiO 2 layers. Therefore, the force contributions of these layers can be considered separately. It is unnecessary to develop expressions for composite ε and σ for the core-shell nanowires.
For calculation, titanium dioxide has a dielectric constant much higher than that of the GaN NWs used for the experiments presented here (TiO 2 : ε ≈ 80, GaN: ε = 8.9), but it has a lower conductivity (GaN: σ = 5800 S m −1 , TiO 2 : σ = 50 S m −1 used for calculation, can be much less) [8, 11] . The coating used in experiments consisted of a 5 nm Al 2 O 3 adhesion layer surrounded by 20 nm TiO 2 . This was approximated as 25 nm TiO 2 in order to simplify the calculation and find an upper bound on the force. ALD alumina has ε ≈ 7 and σ = 10 −14 S m −1 , so the higher dielectric constant and conductivity used with TiO 2 put an upper bound on the force obtained with the ALD coating [12] . For a 25 nm TiO 2 coating on a 200 nm diameter GaN NW in isopropanol (ε = 18.6, σ = 6 × 10 −5 S m −1 [4] ) and a 75 kHz AC electric field, η = 1.005, so the dielectrophoretic force increases by 0.5% due to the coating.
Experimental details

Electrode designs
Because electrode geometry defines the electric field shape, variations in electric displacement field were investigated by varying electrodes' size, shape, and separation from a substrate using the three-dimensional electric field modeling software Maxwell. Four different experimental electrode test structures were designed for study of the geometrical effects of the electrodes on the nanowire alignment and assembly yield. The designs were created in Coventorware multiphysics software and L-Edit layout software. For placement experiments, arrays of polysilicon test electrodes were fabricated by PolyMUMPS processing (MEMSCAP Inc, Durham, NC, USA) on an electrically insulated substrate that consisted of an n-type doped Si wafer under an insulating 0.6 µm Si 3 N 4 surface layer. Some variations of the electrodes required removal of a sacrificial oxide layer by HF etching and CO 2 supercritical drying. Cross-sections of suspended and surface-fabricated electrode designs may be seen in figure 2 .
Two types of layouts were generated. The first layout design, figure 3, incorporated four basic electrode designs (square, curved, pointed, trench) with 10 µm electrode width and 4 µm electrode gap in a structure with parallel electrical connections to the electrodes. The electrodes were arranged in four rows of four electrode pairs connected in parallel. This first layout design was fabricated with suspended and surface-fabricated variations in order to allow exploration of the effect of suspending electrodes above a fabrication substrate. The second class of layouts, figure 4, were suspended electrodes designed for experiments in which depositions were performed on only one electrode pair at a time. Electrical connections in parallel groupings of two electrode pairs were created in order to minimize repositioning of the micromanipulator probes. This second class of layouts had electrodes with 20 µm width, 4 µm gap, and seven variations on the electrode tip shapes, as seen in figure 4.
Nanowires
GaN nanowires (figure 5) were grown via MBE on a 111 Si substrate [1, 8] . All nanowires were n-type, with light Si doping. The dimensions of the nanowires used were about 200 nm in diameter and 8-20 µm in length. The nanowire structure was a c-axis oriented hexagonal single crystal.
Doped nanowires were observed to align more easily and quickly than non-doped nanowires, due to the greater abundance of free charge carriers. These free charge carriers increase the nanowire conductivity and create a larger dipole moment in the nanowire during alignment in the electric field. Prior measurements of doped GaN nanowires produced under similar conditions reported a carrier concentration between 6 × 10 17 and 1.3 × 10 18 cm −3 and a mobility between 300 and 600 cm 2 V −1 s −1 [8] . The larger mobility was multiplied by the lower carrier concentration in order to calculate electrical resistivity, from which the electrical conductivity was calculated, yielding a value of about 5800 S m −1 .
For coated nanowires, atomic layer deposition (ALD) was performed on the as-grown nanowires. A 5 nm adhesion layer of alumina produced by cycling trimethyl aluminum and water was deposited on the bare GaN, followed by 20 nm of TiO 2 produced from cycling titanium tetrachloride and water [13] .
Copper nanowires (figure 6) were used in order to compare the difference in assembly results between gallium nitride and metal nanowires. Metal nanowires have significant van der Waals effects between one another and are very high in electrical conductivity (on the order of 5.6 × 10 7 S m −1 or higher [14] ), suggesting a higher dielectrophoretic force in comparison to that of doped semiconductor nanowires. Because of these effects, during dielectrophoretic self-assembly it was expected that copper nanowires would produce more clumps of nanowires at the electrode gaps than the gallium nitride nanowires. Copper nanowires were obtained from electrodeposition within a porous anodic alumina (PAA) template from electrolyte solution containing Cu 2 P 2 O 7 and K 4 P 2 O 7 [15] . A gold layer was sputtered to one side of the PAA template as a conducting layer. The diameter of nanowires was controlled by the pore size of the PAA template, and the length was tuned by adjusting the electrodeposition period.
Placement experiments
To prepare GaN NWs for dielectrophoretic self-assembly experiments, a small piece of Si wafer with as-grown NWs was placed into an Eppendorf tube with isopropanol and sonicated for about 2 min to release the nanowires from the substrate. In order to remove larger particulates from each suspension, as well as larger clumps of nanowires, a filtration system was used immediately before placement experiments. A 12 mm diameter stainless steel filter holder (from Millipore) was used, with filters cut from a sheet of sintered stainless steel mesh with 10 µm pore size. Additional 2 min sonication followed the filtration. After suspension filtration, optical microscopy indicated that many of the larger particulates, which consistently interfered with assembly, had been removed.
For each placement trial on an electrode array, 1-3 µl of filtered nanowire suspension was deposited on electrodes subjected to an AC electrical signal. Nanowires were dispensed by use of a 5 µl syringe positioned by a micromanipulator. Near the electrodes, the GaN NWs oriented themselves parallel to the electric field between the electrodes. Dielectrophoretic forces, surface tension, and internal convection of the evaporating isopropanol were observed to draw the nanowires to positions that spanned the electrode gaps, as seen for example in figure 7 .
During deposition, the electrical signal was cycled on and off every few seconds. Electrical parameters were selected after qualitative observation of optimal frequencies for GaN NW self-assembly [3] . The electric signal was 70 kHz (75 kHz for Cu NWs), 20 V peak-to-peak (Vpp), generating a maximum field of 2.5 V µm −1 across the ∼4 µm gap between the electrodes. Micromanipulator probes connected contact pads on microfabricated chips to the signal from a function generator.
Analysis
Confidence intervals
The results shown in figures 8 and 9, and the corresponding numerical data presented in tables in the supplementary data (available at stacks.iop.org/Nano/23/245301/mmedia), show two different ways of counting the success of the resulting nanowire depositions. Both of these types of data are subject to the binomial distribution, because they plot success or failure of placement of (A) individual nanowires and (B) any nanowires. Using the binomial distribution, confidence intervals x i ± c(x i ) for the reported results may be found according to (4) , where t is Student's two-sided t-parameter for a given number of degrees of freedom ν and 95% confidence level, and σ i and V are the standard deviation and variance, respectively, of the sampled data x i [16, 17] c(x i ) = t ν,95% σ i = t ν,95%
For sampled data, the degrees of freedom parameter ν is defined by the number of samples N according to ν = N − 1. For 95% confidence and rounding to two significant figures, t is 2.0 for the sample sizes reported in figure 8 . In figure 9 , N = 10 or 20, with t = 2.3 or 2.1, respectively. The standard deviation σ xi of samples from a population subject to a binomial distribution is given by (5) . The standard deviation σ yi of per cent yield is then defined by dividing the sample standard deviation by the number of trials N, as in (6) . In both of these equations, p i is the probability of success found according to (7) , where x i is the sampled result from a given set of trials, and N is the total number of trials
Equations (5) and (6) are maximized when the yields y i are 50% of trials, giving p i = 0.5, which simplifies (5) and (6) to, respectively, . Nanowire self-assembly yield for the experiment performed on the individual electrode pairs shown in figure 4 . In this experiment, deposition of suspension was repeated until something was observed to span the electrode gaps. All electrodes were suspended. Lighter, gray horizontal bars indicate placement yield of any arrangement of nanowires spanning the electrode gaps, and this is 100% for nearly all categories due to the experimental procedure. Darker, blue horizontal bars indicate placement yields for individual nanowires spanning the electrode gaps. For each category indicated at the left, for the GaN coated and uncoated NWs, N = 20(c(x i ) ≤ 4.7, c(y i ) ≤ 23%) placement trials were performed: deposition of NW material onto empty electrode pairs, repeated 20 times. For the Cu NWs, N = 10 placement trials were performed (c(x i ) ≤ 3.6, c(y i ) ≤ 36%). Numerical data for this figure are included in supplementary data (available at stacks.iop.org/Nano/23/245301/mmedia).
For results with 95% confidence, multiplication by t for N = 40 or more gives confidence intervals of ±c(x i ) and ±c(y i ) for the samples and yields, respectively, according to (9a) and (9b). Confidence intervals for the smaller samples presented in figure 9 may be calculated similarly
(9b)
Comparison between two sampled results
To compare the results from each category it is useful to consider the difference between results and the ratio of results.
For the difference of two independent results, the variance V is calculated according to
The 95% confidence interval is calculated using a two-sided t based on ν = N 1 + N 2 − 2, which is ν = 2N − 2 when N 1 = N 2 , and which can be rounded to 2.0 for most comparisons of the data recorded here (the exception: when N = 10, t 18,95% = 2.1). The 95% confidence interval for the difference between two independent sampled groups is then given by (11) , which simplifies to (12) for the case when the two standard deviations are equal to each other and given by (8a) [16, 18] . For the difference between yields, (13) applies
When two samples with N = 80 each are compared, the 95% confidence level in the difference is ±13 in number or ±16% in yield. Corresponding values for N = 40, 20, 10 are c(x 1 − x 2 ) = 8.9, 6.3, 4.5, and c(y 1 − y 2 ) = 22%, 32%, 45%.
In order to examine the size of an effect, it is useful to take the ratio of two results. If x 2 > x 1 , a per cent improvement in the yield may be defined according to the ratio r given by
Pooled samples
If the different types of experimental variations are for the most part independent of each other, samples may be pooled to allow comparison across larger sample sizes [16] . For instance, pooling across tip shape for the GaN NWs in figure 8 and supplementary tables 1 and 2 (available at stacks.iop. org/Nano/23/245301/mmedia) gives N = 320, with c(x i ) = 18 and c(y i ) = 5.6% for 95% confidence intervals. Pooling further, ignoring the possible effects of suspended tips, N = 640, c(x i ) = 25, and c(y i ) = 4.0%. In both of these cases, a significant effect is apparent due to the presence of the ALD TiO 2 /Al 2 O 3 coating.
Results and discussion
In the main experiment reported here, 20 placement trials were repeated on the arrays of 16 electrically linked electrodes, resulting in 320 placement tests for each of the suspended and surface-fabricated versions of the design seen in figure 3 . In each placement trial, one drop was dispensed to cover the entire electrode array. After the solvent evaporated, the number of electrode pairs with nanowires spanning the electrodes was counted by use of an optical microscope. Assembly yield was defined by the number of sites with nanowires spanning the electrodes, divided by the number of sites available before a placement trial. The assembly yield was determined for several categories of nanowire assembly: clumps, multiple discrete nanowires, and individual nanowires. Clumps were defined as multiple nanowires assembled at the electrode gaps and in contact with each other. Multiple discrete nanowires were cases where more than one nanowire was trapped across the electrodes but the nanowires were not touching each other in any way. Individual nanowires were only one single nanowire assembled over each electrode gap. The assembly yield results from these placement tests are presented in figure 8 , showing the assembly yield for individual nanowires and the overall assembly yield for all arrangements of nanowires. The categories of this graph allow comparison of three independent variables: nanowire species, electrode shape, and whether the electrodes were (a) suspended over the substrate or (b) fabricated flush to the substrate. Results from this experiment are discussed further in the sections below. An additional experiment was performed (figure 9) by use of the electrode pairs in figure 4 . The nanowire suspension was repeatedly dispensed on each electrode pair without allowing the electrodes to dry, until one or more NWs appeared to span the electrode gaps, a procedure chosen to give 100% assembly yield by definition. For a couple of electrode pairs, 100% yield was not achieved because closer inspection revealed that a few nanowires were almost but not completely spanning the electrodes. The results in figure 9 allow additional comparison of nanowire species and electrode geometry. In the unpooled data, this experiment did not demonstrate a significant effect due to tip width or geometry, and other results were suggestive but not significant. In pooled data for the 20 µm width tips and for the 10 µm width tips, the coated GaN nanowires achieved significantly higher assembly yield than either the Cu NWs or the uncoated GaN NWs. An additional observation for the 20 µm width tips was that the yield of isolated, uncoated GaN NWs (49/80 = 61%) was significantly better than the yield of isolated Cu NWs (14/40 = 35%).
Surface versus suspended electrodes
Suspending the electrodes 2.75 µm above the substrate did not provide any statistically significant impact on the yield of isolated nanowires. However, the yield of all assembled nanowires did show statistically significant changes for both the coated and uncoated GaN NWs, increasing by the proportions of 15.8% and 14.7%, respectively, above the yield achieved on electrodes on the substrate surface (figure 8). These increases were calculated using ratios of pooled data, so for ALD coated NWs, 15.8% = 100% × (271/234 − 1) and for uncoated NWs, 14.7% = 100% × (288/251 − 1). One explanation for the improved yield with suspended electrodes may be that, by moving the nanowires further from the substrate, the surface tension of the evaporating solvent is less likely to pull the nanowires to the substrate than to the electrodes. However, optical microscopy verifies that most nanowire deposition occurs due to electric forces well before the solvent evaporates sufficiently to create meniscus contact with nanowires.
Modification of the electric field geometry is a more likely explanation for the improvement in self-assembly yield seen with suspended electrodes. The electric field, and consequently the electric force on the nanowires, is modified by suspending the electrode above the substrate. Simulation of the electric field using Maxwell software is shown in figure 10 . When fabricated flush on the substrate, the electrodes are separated from the conducting substrate by only a thin layer of dielectric silicon nitride. Although the electric field is mostly concentrated in the gap between the electrodes, a strong electric field also fringes out to the sides of the electrodes and down to the substrate ( figure 10(a) ). In contrast, suspending the electrodes further away from the conducting substrate allows the field to remain concentrated mainly in the gap between the electrodes ( figure 10(b) ). When nanowires move toward the electrodes (where the electric field is greatest) flush on the substrate, they frequently settle with one end on one electrode and the other end on the substrate. When the electrodes are suspended from the substrate, the nanowires tend to align to the electrode gap prior to being pulled to the electrodes. Because the region of strongest electric field is farther away from the substrate in the case of the suspended electrodes, the probability of attracting the nanowire to the two electrodes increases and the probability of attracting one end to the substrate decreases. An additional possible mechanism could be that the suspended electrodes provide more surface area on which NWs may land. For the Cu NWs, no significant effects were observed from suspending the electrodes.
Electrode shape
The data presented in figures 8 and 9 indicate that the shapes of the electrodes do not provide a significant effect on the assembly yield both overall and for individual nanowires. Using pooled data (N = 320, using the 16-array electrodes and data for all the coated and uncoated GaN NWs), two significant shape effects can be stated. First, the curved electrodes produce a superior individual nanowire assembly yield in comparison to the pointed electrodes (131/320 versus 96/320). Second, for the overall assembly yield, the trench electrodes are inferior to all the other options tested. The trench design was, in part, created to explore the use of evaporating menisci as a mechanism for assembly of nanowires. In practice, nanowire assembly had already occurred by the time the evaporating surface reached the electrodes.
Materials effects
Figures 8 and 9 demonstrate that the presence of titania clearly affects the assembly yield of individual nanowires. With titanium dioxide coating, individual nanowires were placed across suspended electrode pairs in 46% of tests (147 out of 320 total), versus 28% of tests (88 out of 320 total tests) that used uncoated GaN NWs. A 67% improvement in NW assembly yield was obtained (147/88 − 1 = 0.67) on the suspended electrodes due the presence of the ALD TiO 2 /Al 2 O 3 coating on the GaN NWs.
As mentioned earlier, the presence of the coating negligibly changes the nanowire dielectrophoretic force, and it is unlikely that an effect on the dielectrophoretic force is responsible for improvement in the assembly yield. It is more likely that the interaction of the titania surface with the surrounding isopropanol provides the mechanism for improved individual nanowire assembly yield. This is supported by the qualitative observation of nanowires in suspension without applied electric fields. In suspension, the presence of the TiO 2 greatly decreased aggregation in comparison with uncoated nanowires. By increasing the proportion of isolated nanowires in suspension, the titania coating thereby increases the probability that isolated nanowires will be deposited during dielectrophoresis. The bare and titania-coated nanowires were from different portions of the same substrate. The GaN nanowires used for both data sets were from the same growth run (number C023). Because of this, it is unlikely that the nanowires used for the titania deposition had any differing amount of aggregation before the ALD treatment than the nanowires that remained uncoated.
The superhydrophilic wettability of the ALD titanium dioxide may explain the observed inhibition of nanowire aggregation. Titania-coated nanowires were observed to be more easily wetted by polar solvents than bare GaN nanowires. The improved wetting on the titania coating may allow solvent to penetrate between nanowires sufficiently to interfere with van der Waals and electrostatic clumping forces that are otherwise experienced by the bare GaN nanowires.
Total assembly yield for the copper nanowires was similar to the gallium nitride nanowires for each structure. The assembly yields of individual nanowires were similar to those of the uncoated GaN NWs, and significantly lower than yields of the coated GaN nanowires. Somewhat surprisingly, the very different material composition of the Cu NWs did not lead to significant differences in assembly yield in comparison to the uncoated GaN NWs. As mentioned earlier, only in some of the data reported in figure 9 does the individual assembly yield of Cu NWs appear to be significantly lower than the yield for the uncoated GaN NWs. The Cu NWs are placed effectively using dielectrophoretic self-assembly. The significant difference between the isolated NW assembly yields for Cu NWs and TiO 2 -coated GaN NWs (61/320 = 21% and 275/640 = 43%, respectively, using the data from the 16-array surface electrodes) provides additional support evidence for an assembly effect due to the TiO 2 coating. Qualitative observation of the Cu NWs in suspension indicated that they readily aggregated, even after filtration. Taken with the observation of the difference between the assembly yields of Cu NWs and the TiO 2 -coated GaN NWs, this is additional support for the idea that control of aggregation and dispersion in suspension may be key to high yield self-assembly of individual nanowires.
Analysis of variance
The application of analysis of variance (ANOVA) has been explored to only a limited extent in problems of nanomaterial assembly [19] , but it is well known in problems of macroscale assembly and biological analysis. By comparing the variances of different blocks of data subject to varying treatments, the analysis of variance provides tests for the significance of different effects. The ratio of variance of a given effect divided by the variance of the residuals from a given data set provides a value s 2 i /s 2 R that is compared to a parameter selected from the F distribution according to the degrees of freedom of the tested effect and the residuals [16] . If the ratio is greater than the F parameter for a selected probability, it can be said with a given confidence level that the null hypothesis that s 2 i = s 2 R is rejected. In other words, the tested effect is significant [16, 18] . Analysis of variance was performed on the GaN assembly data from the experiments using the arrays of electrodes. This analysis was performed for both individual nanowire assembly and overall assembly (supplementary data tables 4 and 5, available at stacks.iop.org/Nano/23/245301/ mmedia respectively). The F parameters were found from tables for the F distribution at different confidence levels, and reported with those levels in supplementary data tables 4 and 5 (available at stacks.iop.org/Nano/23/245301/mmedia) [16] . The coated and uncoated GaN NW individual assembly data shows that it is more than 99.9% likely that the ALD TiO 2 coating has a significant effect in modifying the individual assembly yield. The data suggests the presence of a shape effect on individual nanowire assembly yield, but this effect cannot be determined to be significant given the size of the reported data set. For the overall nanowire assembly, all three variables tested in this study (ALD coating, suspending electrodes, and electrode shape) are supported as highly significant (>99% likely) factors impacting the assembly yield.
Conclusion
The probability of dielectrophoretic self-assembly of nanowires to microfabricated structures can be engineered in an open fluid system where a suspension of nanowires is dispersed on a substrate, allowing the suspension solvent to evaporate. The largest effect in promoting the self-assembly of individual GaN nanowires was obtained by coating gallium nitride nanowires with a thin (20 nm) layer of titanium dioxide on an alumina (5 nm) adhesion layer. In this case, calculations indicated electric forces remained relatively unchanged, but aggregation between nanowires was inhibited and individual nanowire self-assembly increased by up to 67%. A change in nanowire wettability due to the superhydrophilicity of the titanium dioxide coating is the likely mechanism for improving the self-assembly yield. The use of suspended electrodes for dielectrophoretic nanowire assembly achieved increases in overall assembly yield of up to 15.8% above the yield using surface-fabricated electrodes, but no significant effects were observed on the yield of individual nanowires. One possible mechanism for this is greater localization of the electric field within gaps between suspended electrodes. These conclusions are supported by the analysis of variance of the reported GaN NW assembly data, which found that all the variables studied have significant effects on the overall nanowire assembly yield, but only the ALD TiO 2 coating had a significant effect on the assembly yield of individual nanowires. These improvements in nanowire assembly may be useful for future applications that integrate specified nanowires with structures for mechanical, electrical, optical, and radio frequency applications, such as single-nanowire transistors and in-plane light-emitting diodes.
